This work is focused on the plasma development of siloxanes investigated as model Si-containing photoresist components that show a promise for bilayer lithography at 157 nm and other Next Generation Lithography technologies. In such lithography, the image is developed in the top photosensitive polymer and transferred to the ͑usually thick͒ organic underlayer by means of O 2 -based plasma etching. In this work particularly, the issue of line edge roughness ͑LER͒ induced by transfer etching and its reduction by means of plasma processing optimization is addressed. The experimental results reveal that low values of line-edge roughness are obtained in a high-density plasma reactor, if an F-but not O-containing etching first step is used in appropriate plasma conditions. The effect of different etching chemistries and processing conditions on imaging layer roughness formation is demonstrated with the aid of scanning electron microscopy images and image analysis for quantifying LER, and atomic force microscopy ͑AFM͒ for measuring surface roughness. X-ray photoelectron spectroscopy analysis of etched PDMS is used to show the evolution of the chemical modification of the PDMS layer, to measure the top oxide thickness, and to correlate both to processing conditions. In situ interferometry and ellipsometry are used to determine the etch resistance of the imaging PDMS layer and the selectivity of the transfer etching process. It is demonstrated that optimum LER correlates well with plasma processing conditions that ensure a nonselective first etching step prior to a highly selective main etching.
I. INTRODUCTION
Next generation microelectronics circuits require minimum characteristic dimensions below 100 nm, a task achievable through the adoption of 193 and 157 nm lithography as the next industrially preferred steps in optical lithography, and in the future through the use of extreme ultraviolet ͑EUV͒ or other new generation lithographies ͑NGL͒. The high absorbance of carbon-based polymers at 157 nm 1 makes the use of bilayer resist schemes more attractive than ever. Since Si-containing polymers exhibit the right absorbance (Ͻ4 m Ϫ1 ) at these wavelengths, 1,2 they are investigated as prospective top layer resists for bilayer lithography at 193 and 157 nm. For such applications, the pattern is imaged on a thin layer (ϳ100 nm) of a photosensitive polymer, lying on top of a thick organic underlayer resist, and transferred to the bottom layer by plasma etching ͑plasma development͒. Thus, bilayer schemes can provide high-resolution lithography on substrates with significant topography. The etching resistance of Si-based polymers to oxygen plasmas has been studied and related primarily to their Si content. 3 During transfer etching in oxygen-based plasmas, the silicon in the imaging top layer is converted into a SiO x -like material, 4 and thus acts as a hard etch mask. However, imaging resist erosion and roughening have been observed 5 and processes are sought to reduce sidewall roughness. Thus, studies of the formation of surface and/or line-edge roughness ͑SR, LER͒ in plasma etching are urgent now more than ever, in order to achieve LER reduction or elimination. [6] [7] [8] This would alleviate the existing reluctance in using plasma developable resists to print features with dimensions below 100 nm and would ensure the viability of silicon-containing resists for bilayer lithography applications at 157 nm and below ͑for example, at extreme UV 9 ͒. In this work, we study plasma development properties of siloxanes, model Si-containing polymers for top layer resists in bilayer lithography, in an effort to evaluate these polymers as photoresist components for 193 and 157 nm lithography. The resolution capabilities of siloxanes have been already demonstrated with e-beam exposures, 10 while 157 nm exposures showed high sensitivity 11 ͑without addition of any photo-acid generator or even photo-sensitizer͒, and gave indications of low outgassing ͑work currently in progress͒. However, siloxanes are developed with organic developers and thus they can only be used as copolymers with other polymers capable of aqueous-base development, necessary for an industrially used resist. In regards to the dry development of bilayer schemes with Si-containing polymers, current literature suggests that good anisotropic resist profiles are achieved by adding SO 2 to O 2 gas mixtures 12 or in pure O 2 plasmas under optimized conditions. 13 However, the issue of anisotropy associated with the dry development of bilayer a͒ Electronic mail: atserepi@imel.demokritos.gr resists will not be addressed in this work, as our O 2 plasmadeveloped resist profiles did not exhibit serious undercut under the conditions used in our work. We rather focus our work in LER evaluation and optimization. The etching studies presented here are being carried out in high-density plasmas, and is a continuation of our previous work realized in RIE plasmas. 14 This paper is organized as follows: Section II gives the experimental details of lithography and etching, and the various diagnostics used ͑XPS, ellipsometry, SEM, AFM, etc͒. Section III A describes the chemical modification of PDMS surfaces in O 2 plasmas followed by in situ XPS and ellipsometry. Section III B discusses the issue of process selectivity of the underlayer resist versus the top polymer, and its relation to LER. Finally, Sec. III C discusses the detailed LER evaluation and process optimization towards LER minimization. The conclusions are summed up in Sec. IV.
II. EXPERIMENT
In this work, a homopolymer of poly-͓dimethyl siloxane͔ ͑PDMS͒ is used as a model-Si-containing polymer in a bilayer resist scheme. For a detailed evaluation of its behavior in terms of line-edge roughness, a commercial PDMS from Aldrich with average M w approximately 120.000 and a broad MW distribution (M w /M n ϭ2), was used. The material was coated at a thickness of 100 nm on top of hard baked novolak AZ5214 resist from Clariant ͑at a thickness of 360 nm͒. Since the aim of the present work is to address the issue of LER formation, rather than to demonstrate the lithographic performance of PDMS at 193 and 157 nm, the plasma development process optimization was performed on e-beam exposed wafers. This facilitated the availability of a great number of samples, as no 193 or 157 nm exposure tool was available in house, and our access to 193 nm and 157 nm exposure tools was limited to lithographic performance evaluation of resist materials developed in house. For our present purposes, PDMS resist was exposed with a 50 keV e-beam and wet developed in MIBK for the fabrication of patterns on the top layer. The development solvent ͑MIBK͒ does not affect the underlayer, as we determined by a development rate monitor system ͑developed in house͒. Rinsing of the developer was performed in IPA, which however resulted in slightly undulating PDMS lines on the novolac underlayer. Finally, dry development was performed in oxygencontaining plasmas for the pattern transfer to the bottom resist layer, as shown in the schematic of Fig. 1 . We stress again the fact that PDMS is regarded as a model photoresist component, since aqueous-base development is not possible for homopolymer PDMS, which however is appropriate for the material as is, it is appropriate for dry development optimization.
The plasma development was performed and optimized for minimum roughness in a high-density plasma reactor, the ICP MET etcher from Alcatel, composed of a load-lock and a main chamber ͑at IMEL͒. The plasma source is operated at a radio frequency of 13.56 MHz. The sample can be independently biased using a 300 W maximum power supply at 13.56 MHz. The plasma diffuses from its generation region at the top of the main chamber to the process chamber, where an anodized aluminum holder, on which samples are loaded, is located. The temperature of the sample holder was controlled by thermostating the electrode, while heat transfer between the sample holder and the electrode was achieved by mechanically clamping the substrate holder to the electrode through backside helium contact. Good thermal contact between sample holder and the sample was achieved by means of a thermal paste. The main etching step was performed in pure oxygen plasma, at a pressure of 10 mTorr, at a source power of 600 W and at a bias voltage of Ϫ100 V on the electrode. These conditions were used routinely throughout this work, unless otherwise stated. To minimize LER, as it has been previously observed for silylated resists used for top imaging lithography, 6-8 a first etching step in a F-containing gas mixture preceded the main etching of the underlayer in pure oxygen. The plasma parameters and the duration of the break-through step ͑BTS͒ were optimized in the ICP reactor for minimum LER formation.
In situ laser interferometry ͑at IMEL͒ and multiwavelength in situ ellipsometry ͑at LPCM͒ were used to measure in real time the etching rates of the siloxane and the organic underlayer, and to estimate the selectivity of the pattern transfer process. X-ray photoelectron spectroscopy was used to monitor the surface chemical modification of the plasma-developed siloxane. After plasma processing ͑at LPCM͒ in a similar Alcatel reactor, the samples were transferred under vacuum to a Leybold-Heraeus LHS-II Spectrometer, in order to detect surface chemical bonds and evolution with time during plasma development. Moreover, angular XPS measurements were performed to provide estimation of the thickness of the plasma-modified PDMS layer.
Line-edge roughness of plasma-developed lines was viewed top-down with a LEO 440 Scanning Electron microscope. The image magnification was 100k for all images analyzed for line-edge roughness. For increased resolution, all images were obtained at high operating voltages ͑15-20 kV͒. In addition to increased resolution, it has been shown 15 that operation at sufficiently high voltages alleviates the disparity in charging between right-and left-hand side edges of the resist line, which is important for LER measurements. However, sample charging at high voltages limits the resolution, and coating of the analyzed samples is necessary. It has been shown 15 that light coating with platinum may not affect the measured LER, and values higher by only 0.5 nm were reported. For all samples analyzed in the present work, platinum coating was used at a thickness of 50 Å.
Quantification of LER took place off-line on obtained SEM images by means of a home-developed image analysis procedure. Matlab® and its image processing toolbox functions were used. Initially, the tiff format image of the resist line is convolved with a peaked Gaussian noise-smoothing filter ͑20 nm wide and 7 nm sigma value͒ across the resist line. Then, signal-threshold or derivative-threshold edge detection scanning is performed across the resist lines shown in the image, in order to determine the resist line edge. In contrast to routine on-line image analysis tools available commercially where a limited number of scans are analyzed for LER estimation, 16 all the pixels composing the resist line are sampled ͑approximately 620 pixels͒. The line edge is fitted with a least square fit line in order to remove any existing image tilt, and the rms ͑one-sigma͒ value is obtained as the standard deviation from the linear fit. Finally, reported values of LER are obtained, taking into account the image resolution ͑3.0 nm/pixel͒, from the left side of each analyzed line. The reliability of our methodology for LER evaluation was checked and compared with commercially available on-line image analysis tools. 17 In addition, statistical analysis of LER based on the height-height correlation function was performed on the image line-edge pixels, in order to probe the frequency spectrum of the line-edge fluctuations.
Surface roughness was measured on e-beam exposed 200ϫ200 m pads with a Topometrix TMX 2000 AFM system. Typically, scans of 2.5ϫ2.5 m were performed in the contact mode for SR evaluation. Image resolution for these scans was determined by the 300ϫ300 pixel analysis.
III. RESULTS AND DISCUSSION

A. Temporal evolution of the plasma-induced chemical modification of PDMS
XPS spectra of the PDMS surface are shown in Figs. 2͑a͒ and 2͑b͒, where the Si and O peaks, respectively, appear to shift from their binding energy in PDMS to that in SiO x , after exposure to O 2 plasmas, thus revealing chemical modification and specifically oxidation of the PDMS surface. Angular XPS measurements were also performed in order to estimate the thickness of the oxidized PDMS layer, and revealed a thin ͑40 Å͒ silicon-oxide-like film on the PDMS surface after a 5 s plasma exposure to pure O 2 plasma with bias voltage at Ϫ100 V. Detailed work on PDMS surface modification in O 2 plasmas is presented elsewhere. 18 It has been shown in detail that, at 0 V bias voltage, the thickness of the oxidized layer increases with time, due to the fact that sputtering, the principal SiO x -material thickness reduction mechanism in O 2 plasma, is virtually absent at zero bias voltage. For a bias voltage at Ϫ100 V, the temporal evolution of the elemental composition of the PDMS surface is shown in Table I and in Fig. 3 . The rapid reduction of the carbon content of PDMS, and correspondingly the increase of the oxygen content are consistent with a transformation of the siloxane surface to a silicon-oxide-like surface within the first 4 -8 s after plasma ignition, as evidenced by examination of both Figs. 2 and 3. XPS analysis also reveals the presence of fluorine on the PDMS surface after plasma exposure ͑see Table I͒ Fig. 4 . The PDMS film thickness reduction as a function of time is probed during etching in various mixtures by multiwavelength ellipsometry on blanket samples ͑cross-linked PDMS on hard-baked AZ5214͒. The curves in Fig. 4͑a͒ show the evolution of PDMS film thickness during etching in three mixtures, similar to those used for the development of the bilayer resist lines ͑Fig. 7 below͒. All curves indicate an initially fast removal of PDMS ͑within the first 5 s after plasma ignition͒ at a rate ͑50 nm/min͒ nearly independent from the gas mixture and the bias voltage, as indicated in Fig. 4͑b͒ . For longer times, the etching rate of PDMS is dependent on the gas mixture composition and the bias voltage used for the plasma development. In particular, the curve obtained for a PDMS sample processed in a O 2 -only plasma and at 0 V bias voltage showed that etching virtually stops after the initial fast thickness loss, possibly corresponding to the formation of a SiO x -like layer on PDMS, after which modified PDMS surface is removed at an extremely small rate, i.e., 0.3 nm/min. This rate increases somewhat up to a value of 7 nm/min at bias voltages as high as 100 V, as is shown in Fig. 4͑b͒ . These rates compare well with the sputtering rate of SiO 2 under similar plasma conditions, providing indirect evidence of the PDMS surface transformation to a SiO x -like material. These results suggest that modification of the PDMS surface in O 2 plasma includes two consecutive steps: chemical etching and oxidation. Once a SiO x -like rich layer is formed, ion bombardment is required to continue the etching. However, addition of a 10% SF 6 in the gas mixture drastically increases the etching rate to a final value of approximately 40 nm/min ͑at 0 V bias voltage͒ independently of the other mixture constituents ͑Ar, O 2 ). Note that in the case that O 2 is present in the mixture, the evolution of the rate to its final value is retarded ͑1-2 min͒, possibly due to the simultaneous oxidation of the PDMS surface. However, if SF 6 is diluted in an inert gas ͑Ar, He͒ instead of in O 2 , oxide formation is prevented and thus PDMS is etched at a faster rate. This last result suggests that indeed the gas composition during plasma processing affects PDMS removal rate and thus the process selectivity, as will be shown in Sec. III B, which in turn affects the magnitude of LER, as we will discuss below.
The first few seconds of the PDMS exposure to the plasma are very crucial for the growth of the etch resistant oxide, as XPS analysis and in situ ellipsometry suggest. The first few seconds are thus crucial for the formation of LER due to the selective removal of the underlayer. Hence, it is very important that the plasma processing conditions be modified such as to include an etching first step in which LER formation is not favored. We propose that the first etching step must be optimized preferentially to prevent formation of the oxidized surface layer. If some oxidation of the surface cannot be avoided, then the oxidized layer must be removed early enough before it provides a mask for the etching of the underlayer, if sidewall and surface roughness formation is to be eliminated. Therefore, conditions are being sought, for the first etch step, which can ensure removal of PDMS and AZ5214 ͑underlayer͒ nonselectively.
B. Plasma parameters for tailoring transfer etch selectivity
In situ measurements of time-averaged etching rates of both films ͑PDMS and AZ5214͒ were obtained by means of laser-interferometry that was routinely used to follow etching of blanket samples under various plasma conditions. An example is shown in Fig. 5 , for etching of a PDMS/AZ5214 sample ͑up to the end-point͒ in 5% SF 6 /O 2 plasma, at a 500 W source plasma power, and at 0 V bias voltage ͑conditions typically used for the etching first step͒. The slow varying signal after plasma ignition corresponds to etching of PDMS, after complete removal of which etching of AZ5214 follows at a faster rate. Averaged etching rates are determined from the known initial thickness of the films and the total time for complete etching of the films. Results of etching rates in various gas mixtures under different plasma conditions are shown in Table II , together with the selectivity for the etching of AZ5214/PDMS.
Careful reading of Table II can provide valuable information regarding optimum plasma processing conditions appropriate for transfer etching, i.e., etching with lowest LER formation and highest etch resistance possible. In particular, low LER can be achieved with an etching first step characterized by low process selectivity ͑lower than 1:1͒, while minimum PDMS consumption can be achieved when low etch rate of PDMS is achieved. Indeed, the plasma parameters that resulted in low selectivity and low PDMS etch rate ͑to maintain good process control͒ coincide with those in which the lowest SR values were realized, i.e., with a first step in a SF 6 /He mixture, 500 W plasma power, 0 V bias voltage, and 15°C electrode temperature. This is attributed to the fact that low process selectivity is expected to smooth out any existing nonuniformity of the surface material, which would be transformed by etching to a rough surface or sidewall. On the other hand, conditions that are appropriate for the main etching are those that ensure highest selectivity, i.e., O 2 plasma, at 600 W, Ϫ100 V, and 15°C.
The role of the electrode temperature on the process selectivity is shown in detail in Fig. 6 . On this figure, we plot the etch rates of PDMS and AZ5214 over a wide range of the electrode temperature (Ϫ100 to ϩ60°C). We observe a fast decrease of the PDMS etch rate with increasing temperature, which is attributed to a more efficient oxidation of the Sicontaining surface, which is favored at high temperatures. The latter can be understood in terms of an increased PDMS 6 . Etching rates for PDMS ͑open circles͒ and AZ5214 ͑open triangles͒, and selectivity ͑solid squares͒, in a pure O 2 high-density plasma ͑600 W, Ϫ100 V) as a function of the electrode temperature. The etch rate for PDMS has been multiplied by 5 to facilitate plotting on the same scale as AZ5214. chain mobility at higher temperatures, which in combination with a thermally activated reaction of Si with O 2 results to a more extensive oxidation of the PDMS surface. Since the increase in temperature leads to a simultaneous increase of the etch rate for the hard-baked novolac AZ5214, also shown in Fig. 6 , the selectivity increases fast with increasing electrode temperature. The selectivity stabilizes at a satisfactorily high value (ϳ14:1) at temperatures above 15°C. This justifies the typical transfer etching conditions that we use for the bilayer, i.e., with the electrode temperature set at 15°C.
C. Process optimization for LER minimization
The importance of the first etching step with selected plasma conditions to the reduction of the line-edge roughness of plasma-developed PDMS is demonstrated in Fig. 7 , where three different etching mixtures are compared. Topdown SEM images of 0.5 m/0.5 m lines/spaces are shown ͑at lithographically best doses͒, fabricated after full plasma development of the bilayer resist with a first etching step ͑a͒ in a O 2 -only plasma, ͑b͒ in a 5% SF 6 /O 2 plasma, ͑c͒ in a nonoxidizing mixture, 5% SF 6 /He plasma. The duration of the first etching step was adjusted to 6 s, while the main etching was terminated at a 20% over-etch time. The significant LER shown in the top-down SEM image of Fig. 7͑a͒ is formed due to the high selectivity of the etching of the bottom layer resist with respect to the Si-containing top resist. Obviously, due to the nonoptimized wet development of PDMS in MIBK, as well as the low contrast of PDMS, 19 PDMS of variable thickness and hence of variable etch resistance may cover the underlying novolac layer, especially close to the line-edges. If a first etching step in F-containing plasma is included in the development process, the LER is significantly reduced, as shown in Fig. 7͑b͒ . During the F-containing first etching step, the siloxane film is partially removed, so that the thin siloxane layer at the line edges is removed while a sufficient thickness remains on the exposed siloxane lines that exhibits high etch resistance in the subsequent oxygen-only containing etching step. LER is further reduced, as shown in Fig. 7͑c͒ , if a nonoxidizing mixture is used for the etching first step. This can be attributed to the reversal of the etch process selectivity ͑shown in Table II͒ , which favors selective removal of the partially developed silicon-containing regions at the line edges, before the latter get transformed to masking material during etching of the bottom layer in O 2 -containing plasmas. Quantitative analysis of these images by means of our home-developed image analysis method gave 18.2 nm, 5.8 nm, and 4.0 nm for the LER ͑one-sigma rms͒ values of the lines shown in Figs. 7͑a͒, 7͑b͒, and 7͑c͒, respectively.
Scale analysis of the image in terms of height-height correlation function 20 for the line-edge roughness is performed on the SEM images shown in Fig. 7 , and on similar images of lines exposed to various doses. An example is shown in Fig. 8 , where the height-height correlation function G(r), defined 20, 21 
as G(r)ϭͱ͕͗h(x)-h(xϩr)͖
notes an average over x along the line edge, is plotted for three lines developed as the line in Fig. 7͑c͒ , and at doses resulting to line-dimensions LDϭ320 nm, 440 nm, and 500 nm, respectively. We observe that for all lines the correlation function G(r) exhibits a first plateau region, before it starts climbing up: this plateau corresponds to a similar length scale for all lines, L cor-1 ϳ30-45 nm, that is called the correlation length, and it denotes the characteristic distance over which the line-edge distances ''know about'' each other, or they are correlated. From the plateau value of G(r) at r ϭL cor-1 , a rms value of LER can be determined, 22 LER ϭG(rϭL cor-1 )/ͱ2. From the values of G(rϭL cor-1 ) shown in Fig. 8 , the value of LER obtained for each line is: LER ϭ6.3 nm, 3.0 nm, and 2.4 nm, respectively. For all lines, a second plateau appears in G(r), also shown in Fig. 8 , at a longer length scale. Similarly to the analysis applied for the first plateau region, the position of the second plateau yields a value for a second correlation length of the order of 150-300 nm. In addition, from the value of G(rϭL cor-2 ), a value for total LER is obtained, which is also determined independently by and is in agreement with our image analysis methodology. The existence of two characteristic lengths L cor-1,2 reveals contribution of two components to total LER: a low spatial-frequency component rms T ͑corresponding to a length of 150-300 nm͒ that can be possibly attributed to the wet development process of the top layer resist and is responsible for the slight undulation ͑possibly due to swelling͒ of the lines shown in Fig. 7 , and the high spatial-frequency component rms plasma ͑corresponding to a length of 30-45 nm͒ that we attribute to plasma-induced LER. Since minimization of the latter only was aimed in this work, and we did not optimize the wet development process, only the high frequency contribution to LER is of relevance to this work. We realized the aforementioned analysis and the subsequent deconvolution of LER for lines developed in different plasma conditions, but we present below only the results for lines processed in SF 6 /He.
Detailed analysis of the magnitude of LER as a function of the line lateral dimension ͑or equivalently of the exposure dose͒ is shown in Fig. 9 for nominal 0.5 m lines and spaces. The displayed curves correspond to three different processes applied for the etching first step, as explained above. Overall, we observe a sharp reduction of LER as the dose approaches the lithographically useful one, or as the line dimension approaches or slightly exceeds its nominal dimension. As far as the role of the etching gas composition during the first etching step is concerned, we note again the drastic reduction of LER with the addition of SF 6 in the etching mixture. Further reduction of LER is achieved by replacing He for O 2 in the etching mixture, for which case, LER values are displayed before and after deconvolution of the wet development-induced LER, as discussed above and shown in Fig. 8 .
Surface roughness ͑SR͒ as a function of the exposure dose follows a similar trend for the different transfer etching conditions, as is shown in Fig. 10 . Specifically, the SR of the bilayer material decreases as the exposure dose increases, i.e., it follows a trend similar to LER. Notice that, for all processes, both SR and LER obtain values independent from dose after a threshold value, right above the lithographically useful doses. However, these dose-independent roughness values differ by nearly an order of magnitude for the top surface and the line edge, the latter being noticeably higher for the pure O 2 -plasma post-etched lines. This can be explained in the general context used to correlate LER to aerial image and resist contrast: 23 for a resist with a finite contrast, an imperfect aerial image results in the definition of a boundary width across which the resist is partially soluble, as the dose transits from low to high values. After development, roughness is formed across this boundary width, due to variation of the resist solubility. This was not unexpected in our case, given the low contrast (␥Ͻ2) of a high molecular weight and poly-dispersive siloxane material such as PDMS. 19 Subsequently, the edge roughness existing on the wet-developed PDMS is transferred to the bottom resist and magnified by selective etching, thus resulting in aggravation of LER of O 2 -only etched lines. However, the contrast of the bilayer material is significantly increased after the development step in SF 6 /He, thus resulting in noticeably smaller LER.
The minimum plasma-induced LER size obtained in this work ͑one-sigma rms value ϳ2.3Ϯ0.5 nm) by means of optimized process conditions is comparable to the contribution of the wet development to roughness ͑2-3 nm͒ demonstrated for wet developed single layer chemically amplified resists, 24 thus alleviating the existing reluctance in using plasma developable resists to print features with dimensions below 100 nm. A final comment regarding the possible extension of the PDMS/AZ5214 bilayer resist scheme for MEMS fabrication is now in order. Given the good etch selectivity ͑15:1͒ of the underlayer over PDMS, a pattern can be transferred reliably from a 100 nm PDMS layer to an underlayer as thick as 1.5 m. This is also guaranteed by the reasonable anisotropy of the etching, demonstrated in Fig. 11 , which can be attributed to the plasma conditions ͑low plasma power and cooling of the sample at room temperature͒ at which the dry development was performed, albeit in pure O 2 plasmas. Given in addition, the extremely high selectivity of the anisotropic etching of Si over resist masks, that exceeds 100:1 in high density plasma reactors with advanced processes ͑such as the Bosch gas-pulsing process 25 or processes at cryogenic temperatures 26 ͒, the bilayer scheme with PDMS as the top imaging resist can be used for patterning of features as deep as 150 m in Si, appropriate for MEMS fabrication.
IV. CONCLUSION
We presented LER measurements of plasma-developed siloxane lines as a function of the radiation exposure dose and plasma development conditions. Evaluation of LER was provided by off-line image analysis ͑developed in house͒ performed on SEM micrographs. Improvement of LER was achieved with the adoption of an appropriate first etching step, as it has been previously observed for silylated resists used for top imaging lithography. Surface roughness of the bilayer resist and its evolution with exposure dose and transfer etching conditions was provided by AFM measurements. In situ interferometry, in situ ellipsometry and quasi in situ XPS analysis were used during transfer etching in order to measure process selectivity, to explain roughness formation and to correlate surface modification to plasma processing conditions for minimized LER. We showed that bilayer resist schemes with siloxanes as the photo-imageable top layer can exhibit low LER (rmsр3 nm) and SR (rmsϳ0.4 nm), provided that the processing conditions are optimized appropriately. Statistical analysis of LER reveals a low and a high spatial-frequency component, the high frequency one being related to plasma processing. Minimized LER was demonstrated for processing characterized by nonselective chemistries for the first etching step prior to a highly selective main etching.
In summary, the measurements presented here have shown that careful adjustment of the plasma process parameters is the determining factor in the obtained patterning quality, in terms of attained LER and SR, of dry developable bilayer resists with siloxane as the imaging layer. In particular, if an F-containing but not-O-containing first etching step under low selectivity and low etch rate conditions precedes the main etching in O 2 plasma, LER can be significantly and controllably reduced to levels obtained with wet developable resists without sacrificing much of the PDMS thickness. Aiming at process optimization for minimum LER, XPS analysis, in situ ellipsometry and interferometry during etching provide valuable information on surface modification and etching characteristics in order to promote process optimization for LER minimization and understanding of the mechanisms involved. 
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